OBJECTIVEdTo study the association between dietary flavonoid and lignan intakes, and the risk of development of type 2 diabetes among European populations.
RESULTSdIn multivariable models, a trend for an inverse association between total flavonoid intake and type 2 diabetes was observed (HR for the highest vs. the lowest quintile, 0. CONCLUSIONSdProspective findings in this large European cohort demonstrate inverse associations between flavonoids, particularly flavanols and flavonols, and incident type 2 diabetes. This suggests a potential protective role of eating a diet rich in flavonoids, a dietary pattern based on plant-based foods, in the prevention of type 2 diabetes.
Diabetes Care 36:3961-3970, 2013 T he prevalence of diabetes is markedly increasing worldwide, with the number of people with diabetes projected to rise from 366 million in 2011 to 552 million in 2030 (1) . Dietary patterns characterized by higher consumption of fruit and vegetables (2) , such as within a Mediterranean diet (3) , are associated with a reduced risk of type 2 diabetes. Flavonoids and lignans are bioactive polyphenols that are contained in plant-based foods such as fruits, vegetables, nuts, legumes, cocoa, and cereals, and in beverages such as tea, wine, and juices (4) , and have been proposed to have a potential role in the prevention of type 2 diabetes through diverse biological effects, including antioxidant and anti-inflammatory properties and insulin sensitivity-enhancing effects (5) (6) (7) .
Epidemiological evidence for an association between dietary intake of flavonoids and the risk of type 2 diabetes is inconsistent (8) (9) (10) (11) (12) (13) . For the six flavonoid subclasses, flavanols (including flavan-3-ol monomers, proanthocyanidins, and theaflavins), anthocyanidins, flavonols, flavanones, flavones, and isoflavones (Supplementary  Table 1 ), a range of associations with diabetes has been reported in six prospective studies (8) (9) (10) (11) (12) (13) ). An inverse significant association with type 2 diabetes was observed with anthocyanidins (15% risk reduction in a comparison of extreme quintiles), and significant inverse trends were observed with some flavonols (quercetin and myricetin) in a pooled analysis of Nurses' Health Study I and II and the Health Professionals FollowUp Study (8) and the Finnish Mobile Clinic Health Examination Survey (10), respectively. However, no associations were reported in the other two U.S.-based studies (Women's Health Study and Iowa Women's Health Study) (9, 11) and for any other flavonoid subclasses (8) (9) (10) (11) . Among two Asian ; the studies, the Singapore Chinese Health Study reported an inverse association of diabetes with soy intake and an inverse borderline significant association with isoflavone intake (12) , whereas the Japan Public Health Centre-Based Prospective Study observed no significant association between soy or isoflavone intakes and type 2 diabetes in the whole population; however, among overweight Japanese women there was an inverse association (13) . To our knowledge, there are no studies evaluating the association of dietary lignan intake with type 2 diabetes, although some experimental studies have shown promising antidiabetic properties (14, 15) .
In light of the inconsistent current evidence, and in particular the paucity of information in European populations with considerable variability in flavonoid and lignan intakes, the aim of this study was to investigate the association between dietary flavonoid and lignan intakes, and the risk of developing type 2 diabetes in Europe. In particular, the use of the European Prospective Investigation into Cancer and Nutrition (EPIC)-InterAct study, which was conducted across eight countries in Europe with substantial variation in the intake of flavonoids, enabled us to examine these associations comprehensively in a European population.
RESEARCH DESIGN AND METHODS

Study design and population
The EPIC-InterAct is a large prospective type 2 diabetes case-cohort study (16) nested within the EPIC study (17) with more than half a million adult participants recruited in the 1990s from the following 10 European countries: Denmark, France, Germany, Greece, Italy, the Netherlands, Norway, Spain, Sweden, and the United Kingdom. With the exception of Greece and Norway, all EPIC countries participated in the EPIC-InterAct study (n = 455,680). After the exclusion of individuals without stored blood (n = 109,680) or with prevalent diabetes at baseline (5,821), 340,234 participants with 3.99 million person-years of follow-up were included in this study. All participants gave written informed consent, and the study was approved by the local ethics committee in the participating countries and the Internal Review Board of the International Agency for Research on Cancer.
Type 2 diabetes case ascertainment and verification A pragmatic, high-sensitivity approach for case ascertainment was used in order to identify all potential incident type 2 diabetes cases and to exclude all individuals with prevalent diabetes (16) , using at least two multiple sources of evidence including self-report and linkage to primary care registers, secondary care registers, medication registers, and hospital admissions and mortality data. Cases in Germany were additionally validated by diagnostic records. Cases in Denmark and Sweden were not ascertained by self-report, but were identified via local and national diabetes and pharmaceutical registers, and hence were considered as verified. Follow-up was censored either on 31 December 2007, the date of type 2 diabetes diagnosis, or the date of death, whichever occurred first. In total, 12,403 verified incident type 2 diabetic cases were identified.
Subcohort selection and population for current analysis A random subcohort of 16,835 individuals was selected from the 340,234 participants with available stored blood samples, stratified by center. After the exclusion of 681 individuals without information on diabetes status, 16,154 subcohort individuals were included, of whom 778 individuals developed incident type 2 diabetes during follow-up.
Of the 27,779 participants (12,403 case subjects, of whom 778 were within the subcohort of 16,154 participants) in the EPIC-InterAct study, we excluded 619 participants within the lowest and the highest 1% of the distribution of the ratio of reported energy intake (determined from the questionnaire) to estimate energy requirements (calculated from age, sex, body weight, and height). In addition, we excluded 1,072 participants with missing information on nutritional intake or other covariates used in the statistical analysis. This resulted in a final sample of 26,088 participants for inclusion in the current analysis with 11,559 case subjects and a subcohort of 15,258 participants, including 729 case subjects in the subcohort.
Flavonoid and lignan intake and other dietary variables
Habitual diet during the 12 months prior to recruitment was recorded using countryspecific validated food frequency questionnaires or diet histories (17, 18) . Most centers adopted a self-administered questionnaire of 98 to 266 food items. In Spain and Ragusa (Italy), the questionnaire was administered at a personal interview using a computerized dietary program. Questionnaires in France, Italy, Spain, the Netherlands, and Germany were quantitative, estimating individual average portion size systematically. Those in Denmark, Naples (Italy), and Umeå (Sweden) were semiquantitative, with the same standard portion assigned to all subjects. In Malmö (Sweden) and the U.K., a questionnaire method combined with a food record was used. Total energy and nutrient intakes were estimated using the standardized EPIC Nutrient Database (19) .
Estimated flavonoid and lignan intake was derived from foods included in the dietary questionnaires through a comprehensive food composition database on flavonoids and lignans, as we have previously described (20, 21) . Our database on flavonoids was based on U.S. Department of Agriculture databases (22) , Phenol-Explorer (23) and the U.K. Food Standards Agency database (24) . This database compiles composition data on lignans and the six flavonoid subclasses (Supplementary Table 1 ). Furthermore, our flavonoid food composition database was expanded by using retention factors when no analytical data were provided by cooked food. The retention factors applied to all flavonoid classes, except isoflavones, were 0.70, 0.35, and 0.25, respectively, after frying, cooking in a microwave oven, and boiling (25) .
These retention factors were not applied to isoflavones and lignans because their cooking losses are usually minimal. Our database was also expanded by calculating the flavonoid content of recipes, estimating missing values based on similar foods (by botanical family and plant part), obtaining consumption data for food group items, and using botanical data for logical zeros (when negligible amounts of flavonoids or lignans would be present in a food type, e.g., anthocyanidins in plant foods without red, blue or purple color). In nature, flavonoids and lignans are usually found as glycosides, mainly with glucose or rhamnose moieties, but other sugars may also be involved. Therefore, data on flavonoids and lignans are expressed as aglycone equivalents, after conversion of the flavonoid glycosides into aglycone contents using their respective molecular weights. The final database contains 1,877 food items, including raw foods, cooked foods, and recipes, and 10% of values for these food items are missing.
Other variables A lifestyle questionnaire was used to collect information about sociodemographic characteristics, smoking status, and medical history (17) . Occupational and leisuretime physical activity was assessed by questionnaire and classified according to the Cambridge Physical Activity Index (26) . A history of previous illness included hypertension, hyperlipidemia, previous cancers, and/or cardiovascular diseases (angina, stroke, and myocardial infarction). Information on family history of type 2 diabetes in a first-degree relative was collected for all participants except for individuals in Italy, Spain, Germany, and Oxford (U.K.). Height, weight, and waist circumference were measured by trained health professionals using standardized protocols, except in Oxford (U.K.) and France, where selfreported measurements were obtained, and Umeå (Sweden), where waist circumference was not recorded (16) . BMI was calculated as weight in kilograms divided by height in square meters. Blood samples were collected at baseline, and hemoglobin A 1c (HbA 1c ) was measured using highperformance liquid chromatography (Diamat Automated Glycated Hemoglobin Analyzer; Bio-Rad Laboratories Ltd., Hemel Hempstead, U.K.).
Statistical analysis
Dietary questionnaire-derived means, SDs, medians, and 5th and 95th percentiles of total intake and intakes of subclasses of flavonoids and lignans were calculated. Total flavonoid intake by country was also visualized in a box-and-whisker plot. Baseline characteristics and dietary intakes in the subcohort were summarized by quintiles of total flavonoid intake using means and SDs or frequencies. Prenticeweighted Cox regression models accounting for the case-cohort design (27) were used to estimate the associations between flavonoid and lignan intakes and type 2 diabetes of each EPIC country. Total intake and intakes of subclasses of flavonoids and lignans were categorized using subcohort-wide quintiles. Tests for linear trend were performed by assigning the medians of each quintile as scores. Intakes were also analyzed continuously, after a log 2 transformation that indicates a doubling in flavonoid and lignan intakes. Hazard ratios (HRs) were calculated using the following modeling strategy. Age was used as the underlying time scale, with entry time defined as the participant's age at baseline, and exit time as the participant's age at diagnosis of diabetes, censoring, or death (whichever came first). All analyses were stratified by center to control for center effects such as follow-up procedures and questionnaire design. Model 1 included age (as underlying time scale), sex, and total energy intake (kilocalories per day). Model 2 was additionally adjusted for the following potential lifestyle confounders: educational level (none, primary school, technical/professional, secondary school, higher education); physical activity (inactive, moderately inactive, moderately active, and active); smoking status (never, former, and current); BMI (kilograms per square meter); and alcohol intake (grams per day). Model 3 was additionally adjusted for the following potential dietary confounders: intakes of red meat, processed meat, sugar-sweetened soft drinks, and coffee (grams per day). Model 4 was additionally adjusted for the following potential mediators: intakes of fiber (grams per day), vitamin C (milligrams per day), and magnesium (milligrams per day). HRs and 95% CIs were estimated within each country and then combined by using random-effects meta-analysis. Betweencountry heterogeneity was assessed using the I 2 statistic. Effect modification by sex, baseline BMI category (BMI ,25, 25 to ,30, and $30 kg/m 2 ), and smoking status (never, current, former smokers) was assessed by modeling interaction terms, in model 4, between these variables and total flavonoid intake, and conducting stratified analyses. Moreover, the proportional hazards assumption was assessed by testing the interaction between flavonoid intake and age (,60 and $60 years of age), and for all exposures there was no evidence against the assumption.
Sensitivity analyses were conducted excluding 975 diabetes case subjects in whom type 2 diabetes had been diagnosed within the first 2 years of recruitment. In a second sensitivity analysis, model 4 was additionally adjusted for hypertension and hyperlipidemia, after the exclusion of 1,971 participants with cancer and/or cardiovascular diseases at recruitment, because participants in these subgroups may have modified their diets. In a third sensitivity analysis, model 4 was additionally adjusted for history of diabetes in a firstdegree relative (with the exclusion of 12,977 participants with missing data), an important risk factor of type 2 diabetes (28); finally, model 4 was additionally adjusted for waist circumference (exclusion of 1,824 participants without this data), another independent risk factor strongly associated with type 2 diabetes (29) . In a further sensitivity analysis, non-case subjects from the subcohort were excluded if they had an HbA 1c level $6.5%
(48 mmol/mol), as this cutoff can be used as a diagnostic criterion for type 2 diabetes (as per the American Diabetes Association and the World Health Organization).
All statistical analyses were performed using Stata/SE 12.0 (StataCorp, College Station, TX). All P values were based on two-sided tests, and statistical significance was set at P , 0.05.
RESULTSdTable 1 shows the mean (SD) and median and percentiles (5th and 95th) of both total intake and intakes of subclasses of dietary flavonoids and lignans. As indicated by the large differences between means and medians, the distributions were skewed to higher values. Flavanols were the most important contributor (80%) to total flavonoid intake (proanthocyanidins 44%, flavan-3-ols monomers 35%, theaflavins 1%), followed by anthocyanidins (6.3%), flavanones (6.2%), and flavonols (6.0%). Total flavonoid intake varied markedly across countries, with median intakes ranging from 201.7 mg/day in Sweden to 850.6 mg/day in the U.K. (Supplementary Fig. 1 ). Total flavonoid intake and intake of some flavonoid subclasses (flavanols and flavonols) were highly correlated (R . 0.8), whereas other flavonoid subclasses (such as anthocyanidins, flavanones, flavones, and isoflavones) had low to moderate correlation (R = between 0.1 and 0.4). The main food sources of total flavonoid intake were fruits (36.4%), tea (33.1%), wine (8.6%), chocolate products (4.2%), fruit juices (3.9%), beer (2.5%), vegetables (2.3%), and legumes (2.3%) ( Table 1) .
Baseline characteristics of the subcohort according to quintiles of total flavonoid intake are shown in Table 2 . Participants in the highest quintile of total flavonoid intakes were likely to be older and to have the lowest BMI and waist circumference compared with those participants in the lowest quintile. With increasing total intake of flavonoids, participants tended to have a more healthconscious lifestyle pattern with greater educational level and physical activity; lower tobacco consumption; a higher intake of fruits, vegetables, fiber, vitamin C, and magnesium; and a lower consumption of processed meat. However, participants in the top quintile reported greater alcohol and red meat intake and lower coffee intake. Participants across the quintiles had similar frequencies of prevalent diseases.
The pooled HRs (95% CIs) for type 2 diabetes by quintiles of total intake and intakes of subclasses of flavonoids and lignans are shown in Table 3 . Significant inverse associations were observed in model 1 (stratified by center and adjusted for age [as underlying time-scale], sex, and total energy) for total intakes of flavonoids, flavanols (including flavan-3-ol monomers, proanthocyanidins, and theaflavins), anthocyanidins, flavonols, flavones, and lignans. After further adjustment for potential confounders (models 2 and 3), all associations were attenuated but were still statistically significant for flavan-3-ol monomers and flavonols. When fiber, vitamin C, and magnesium intakes were additionally included in the multivariable models In multivariable analyses (model 4), similar associations of type 2 diabetes were observed when dietary flavonoid and lignan exposures were assessed as continuous variables after a log 2 transformation ( Fig. 1 and Supplementary Fig. 2 ). No statistically significant heterogeneity between countries was detected for the associations of total intake and intakes of subclasses of flavonoids and lignans with type 2 diabetes, except for flavanones (I 2 = 52.8%, P = 0.038) and flavones (I 2 = 53.3%, P = 0.036) (Supplementary Fig. 2 ). No interactions were found with sex (P for interaction = 0.609), BMI (P = 0.680), or smoking status (P = 0.526) for total flavonoid intake.
In sensitivity analyses (Supplementary Table 2 ), similar results were observed after the exclusion of diabetes case subjects in whom type 2 diabetes had been diagnosed within the first 2 years of follow-up or participants with prevalent cardiovascular diseases. When family history of diabetes was added in model 4, associations were strengthened. After further adjustment for waist circumference, the findings were almost identical. After the exclusion of 84 non-case subjects from the subcohort with an HbA 1c level $6.5%
(48 mmol/mol) at baseline, the results were almost identical.
CONCLUSIONSdIn this large European case-cohort study, an inverse trend between dietary total flavonoid intake and incidence of type 2 diabetes was observed. Flavanols, including flavan-3-ol monomers and flavonols, were the flavonoid subclasses significantly related to a lower hazard of type 2 diabetes. To date, there are only two large U.S. cohort studies that have evaluated the association between the total flavonoid intake and incident type 2 diabetes, each using a different update of the U.S. Department of *Missing data: waist circumference (n = 1,013), myocardial infarction (n = 230), stroke (n = 1,209), angina (n = 5,139), hypertension (n = 45), hyperlipidemia (n = 2,944), and family history of diabetes (n = 7,643).
care.diabetesjournals.org DIABETES CARE, VOLUME 36, DECEMBER 2013 3965 Agriculture database on flavonoids (22) . Only the study using the database release 2.1 (year 2007) observed a consistent inverse association between intake of anthocyanidins and type 2 diabetes risk (8, 11) . This is in line with the crude, but not the multivariable adjusted, findings in our study, based on the database version from 2007. This inconsistency could be due to the different dietary intakes between studies; in our study, the median anthocyanidin intake in the first quintile (7.1 mg/day) was similar to that in the third quintile (8.1 mg/day) in the U.S. study (8 (8) . This suggests that the lower risk of type 2 diabetes due to intake of anthocyanidins might reach a plateau at a certain intake level. Two other prospective studies have assessed the relationships between the intake of some flavonoid subclasses and the risk of the development of type 2 diabetes (9,10). The U.S. study reported no association with intake of either flavonols or flavones (9); however, the Finnish study reported inverse significant trends for two individual flavonols (10) , as in our study. These differences in the results for intakes of flavonols and flavanols between European and U.S. studies could be a result of European countries having approximately twice the intake compared with the U.S. (8, 21) . In both Asian studies, inverse associations with isoflavone intakes were reported (12,13), but not in Western studies (8, 11) . Asian countries still have the highest isoflavone intakes worldwide (;10-fold higher than in European countries) (20, 30) , which may explain the differences observed in association with type 2 diabetes between Asian and Western countries. In our study, there was no association between lignan intake and risk of type 2 diabetes, although in a U.S. study, lignan levels were significantly associated with a lower fasting insulin level (31) . Indeed, in two recent experimental studies lignans have been associated with an improvement of glucose homeostasis by increasing glucose disposal rates and enhancing hepatic insulin sensitivity (14) and an inhibition of a-amylase activity (15) . The main food sources of flavonoids were fruits and vegetables, tea, and wine. These foods (2, 32, 33) , as well as the Mediterranean diet, a dietary pattern based on flavonoid-rich foods (e.g., fruits and vegetables, olive oil, and moderate wine consumption) (3) were associated with a reduced risk of type 2 diabetes in the EPIC-InterAct study. Similar results were observed in previous U.S. studies, where anthocyanidin-rich foods (blueberries and apples/pears) (8) and wine consumption (11), a rich source of anthocyanidins and flavanols, were inversely associated with type 2 diabetes risk. Notably, after adjustment for potential compounds co-occurring in flavonoid-rich foods, such as fiber, vitamin C, magnesium, and alcohol, associations between flavonoids and the risk of type 2 diabetes were still statistically significant in the current study, suggesting that it is unlikely that these compounds confound or mediate the association between intake of flavonoids and type 2 diabetes risk.
The potential mechanisms underlying these inverse associations between flavonoids and type 2 diabetes risk may include the modulation of the postprandial glucose levels by reducing the activity of digestive enzymes (e.g., a-amylase and a-glucosidase) (34) and decreasing the active transport of glucose across intestinal brush border membrane, inhibiting sodium GLUT2 (35) . Furthermore, some flavonoid-rich extracts improved hyperglycemia and insulin sensitivity in type 2 diabetic mice via activation of AMP-activated protein kinase and accompanied by an upregulation of GLUT4 (36) . In vitro, flavonoids also had a protective effect on pancreatic b-cells by reducing the inducible form of nitric oxide synthase gene expression mediated through the suppression of nuclear factor-kB and c-Jun NH 2 -terminal kinase signaling pathways (37, 38) . Other antioxidant, antiinflammatory, and antiangiogenic activities of flavonoids may also contribute to their potential protective effect against type 2 diabetes (5).
Strengths of the current study include the multicenter design and the large sample size at recruitment, from which a large number of verified incident cases of type 2 diabetes accrued during 3.99 million person-years of follow-up. This study also includes a wide variation in flavonoid and lignan intakes among participants in eight European countries. Furthermore, we were able to control for a number of plausible confounders and factors that may mask the etiological pathway of the association between flavonoid and lignan intake and type 2 diabetes. In all sensitivity analyses, the associations were almost identical, denoting the robustness of our results. Limitations of the current study included the use of a single baseline assessment of diet and other lifestyle variables. Therefore, changes in lifestyle could not be taken into account in these analyses. In addition, our results may be influenced by measurement errors of the dietary questionnaires that may have attenuated our findings, although country-specific validated questionnaires for some flavonoid-rich foods, such as fruits, vegetables, tea, and wine (17, 18) , were used. Furthermore, flavonoid and lignan intakes are likely to be underestimated since the flavonoid database was incomplete (although an extensive common database was used) (20, 21) and herb/plant supplement intakes were omitted in these analyses (up to 5% in Denmark, the highest consumer country) (39) . Nutritional biomarkers offer an alternative and objective method for estimating dietary intake and provide more accurate measures than selfreported questionnaires. To date, there are only a few validated biomarkers of flavonoid and lignan intakes, so further research in this field is warranted (40) . However, we were unable able to evaluate the association between the intakes of other polyphenols, such as phenolic acids and stilbenes, and type 2 diabetes because data on these are not yet available in the EPIC cohort. Moreover, the association of dietary intakes of flavonoids and lignans with type 2 diabetes risk might be susceptible to confounding since high flavonoid and lignan intake reflects a healthier lifestyle. In our models, we have adjusted for other determinants of healthy lifestyle; however, possible residual confounding cannot be excluded.
In conclusion, this large case-cohort study conducted in eight European countries supports a role for dietary intake of flavonoids in the prevention of type 2 diabetes in men and women. High total intakes of flavonoids, flavanols, flavan-3-ol monomers, and flavonols were associated with a 10, 18, 27, and 19% lower risk, respectively, of type 2 diabetes. These results highlight the potential protective effect of eating a diet rich in flavonoids (a dietary pattern based on plant-based foods) on type 2 diabetes risk. Figure 1dHRs (and 95% CIs) for incident type 2 diabetes for a doubling of total flavonoid (A) and lignan (B) intakes across countries in the InterAct study. The pooled HR is based on a random-effects meta-analysis using Prentice-weighted Cox regression analysis with age as the underlying time scale (model 4; see STATISTICAL ANALYSIS section); stratified by center; and adjusted for sex, educational level, smoking status, physical activity levels, BMI, total energy, and intakes of alcohol, red meat, processed meat, sugar-sweetened soft drinks, coffee, fiber, vitamin C, and magnesium.
